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PGF2 activation of Na!H antiporter and ammoniagenesis in parent!
variant LLC-PK1 cells. A novel variant of the LLC-PK1 cell line was used
to examine directly the mechanism whereby PGF2 and TPA inhibit renal
ammoniagenesis. The variant cells, which exhibit a growth pattern and
morphology similar to the parent cell line, were isolated by a self selection
process utilizing long-term cultures of parent cells maintained under
conditions of continuous gentle rocking of the media fluid. Incubation of
both parent and variant LLC-PK1 cells for one hour in a glutamine
supplemented Krebs-Hensleit media of low pH (pH 6.8) increased
ammonia and alanine production in comparison to the basal rates at pH
7.4. The phorbol ester TPA and also PGF2 inhibited the low pH-induced
increases in ammonia and alanine formation in parent cells; however,
neither TPA nor PGF2 inhibited ammonia or alanine metabolism in
variant cells. TPA and PGF2 activated PKC similarly in the parent and
variant cells as demonstrated by a significant increase in membrane bound
enzyme activity. BCECF labeling of cells indicated that the parent and
variant cells possess an amiloride sensitive Na+!Ht antiporter of compa-
rable activity. Exposure of parent cells to PGF2 or TPA resulted in the
activation of Na/H antiporter activity. By contrast, neither compound
stimulated antiporter activity in variant cells. These studies strongly
suggest that PKC mediated activation of the Nat/I-ft antiporter accounts
for the inhibition of ammonia production produced by both PGF2 and
TPA. In addition, this novel variant of LLC-PK1 cells should provide a
valuable tool to investigate various normal and pathophysiological func-
tions involving mediation by PKC and/or Na/H antiporter activity.
Induction of acute acidosis in LLC-PK1 cells increases ammo-
nia and alanine production with a parallel decrement in intracel-
lular pH, suggesting that the change in intracellular pH is the
proximate signal and possibly the direct mediator of the increase
in ammonia metabolism [1, 2}. We reported recently that the
phorbol ester TPA and prostaglandin F2 (PGF2a) both inhibit
the low pH-induced stimulation of ammonia metabolism [3].
Based on the response in the presence of protein kinase C (PKC)
inhibitor H7, the inhibition of ammoniagenesis is dependent upon
the activation of PKC [4]. Furthermore, indirect evidence suggests
that the PKC mediated alteration in ammoniagenesis results from
stimulation of Nat/H antiporter activity [3, 4].
The present study was carried out to test further this hypothesis
by using a variant LLC-PK1 cell line in which both TPA and
PGF2a-induced activation of PKC does not inhibit the ammonia-
genic response to acute acidosis. These variant LLC-PK1 cells
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possess a functional NaVH antiporter which is unresponsive to
both TPA and PGF2a. Therefore, the studies with these cells
strongly suggest that PKC mediated activation of the Nat/H
antiporter accounts for the alterations in ammonia production
produced by PGF2 and TPA. In addition, we also describe the
partial characterization of a novel variant LLC-PK, cell, which
should be a valuable tool to investigate the biology of both PKC
and the NaJW antiporter.
Methods
Isolation of a variant of LLC-PK1 cell line
We have reported previously that cultures of LLC-PK1 cells
maintained under conditions of continuous rocking of the media
fluid undergo enhanced differentiation [5]. These cultures were
maintained in 75 cm3 flasks at 5% CO2/95% air humidified
atmosphere in a 50:50 mixture of Dulbecco's modified Eagle's
medium (DMEM) and Ham's F-12 medium supplemented with 2
ms'i glutamine and 10% fetal bovine serum as described previously
[5]. In our previous studies rocked cells were utilized between
passages 210 through 240 after receipt at passage 200 from the
American type culture collection. Now we have isolated a variant
(subline) of the parent cells by selecting the cells that remained
viable and were able to adhere to the surface of the plastic flasks
and continuously culturing them under the conditions of rocking
throughout a prolonged number of passages. These variant cul-
tures were then processed for the assessment of parameters of
cellular differentiation in parallel with the parent rocked cells.
Quantitation of ammonia and alanine production
The rates of ammonia and alanine production under basal and
acute acidotic conditions were measured as previously described
[1]. Briefly, both parent and variant cells were subcultured in 60
mm dishes in minimal essential medium (MEM) containing 10%
fetal bovine serum and 2 mtvi glutamine. Subconfluent cultures
were washed with phosphate-buffered saline (PBS) followed by
one hour incubations in the absence or presence of TPA (1 tM),
PGF2 (0.1 ng/ml) or vehicle with Krebs-Hensleit Buffer (KHB)
supplemented with 2 mrvi glutamine and 5 m glucose of either
pH 7.4 or 6.8 at 37°C. At the end of incubation KHB was removed
and processed for ammonia and alanine production as described
[1].
Measurement of Na1iglu uptake
Both parent and variant cells were subcultured in 60 mm dishes
in MEM supplemented with 10% fetal bovine serum and 2 mivi
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glutamine. The assessment of a-methyl glucoside uptake was
carried out as described previously [5]. Briefly, cultures were
washed and incubated in MEM without serum and in the absence
or presence of TPA (1 I.LM) for one hour followed by one hour
incubation in Hank's balanced salt solution (HBSS) containing
[14C] a-methyl glucoside (0.2 .tCVml). In some experiments, cultures
were pretreated for one hour with 100 M H7, an inhibitor of
protein kinase C. At the end of final incubation, the media were
removed and cells were solubilized with 2 ml of 0.5 N NaOH.
Radioactivity in the form of intracellular a-methyl glucoside accu-
mulation was counted and expressed as nmol/mg protein!60 mm.
Assessment of protein kinase C activity
The procedure for the isolation of subcellular fractions as well
as the assessment of PKC activity was carried out as described [4].
In brief, parallel cultures of parent and variant cells were cultured
in 100 mm dishes with MEM supplemented with 10% fetal bovine
serum and 2 mivi glutamine. Subconfluent cultures were either
treated with TPA (1 tM), PGF2 (0.1 ng/ml), or vehicle for 10
minutes at 37°C. At the end of incubation cells were washed with
PBS and homogenized in a small volume of 20 mivi Tris-HC1, pH
7.5 containing 0,25 M sucrose, 2 m EDTA, 0.5 mtvi EGTA, 1 mM
PMSF, 10 tg!ml leupeptin, and 1 mM dithiothreitol. The cytosolic
and membrane fractions were isolated by 100,000 X g centrifuga-
tion and the PKC activities were assessed in crude cytosol or in
detergent solubilized membrane fractions as described previously
[4,6].
Measurement of Na /H antiporter activity
Both parent and variant cells cultured in the growth media were
lightly trypsinized and washed with balanced salt solution (BSS)
containing in mM: 140 NaCl, 5 KCI, 1 CaC12, 1 MgCl, 15 HEPES,
and 5 glucose (pH 7.2). Cells were then loaded with BCECF-AM
(2 M) for 30 minutes at 37°C with gentle shaking. The cells were
washed with BSS by centrifugation at 200 X g and suspended in 1
ml of BSS. A one hundred microliter suspension of cells was
added to a thermostatically controlled cuvette at 37°C in a
fluorescence spectrophotometer (Hitachi F-2000, Hitachi Instru-
ments, Inc.) and studied under continuous magnetic stirring.
Fluorescence was studied at excitation wavelengths of 500 nm and
440 nm and an emmision wavelength of 510 nm as described [7].
Aliquots of cells were acidified by incubation with 20 mM
NH4CI for two to three minutes. Cells were centrifuged in a
microfuge for two to three seconds and immediately transferred
to a cuvette containing 2 ml of sodium containing BSS. The
Na/H antiporter activity was assayed in bicarbonate-free BSS
as described [7J. The recording of the 500:400 fluorescence was
initiated and continued up to five minutes in the absence or
presence of 100 .tM amiloride. Parallel studies were also carried
out in sodium-free buffer where sodium was replaced with an
equimolar concentration of N-methyl-D-Glucamine. To assess the
effect of TPA and PGF2,, on pH1 recovery from acid load, two
experimental protocols were utilized. In the first, TPA (0.1 M) or
PGF2 (0.1 nglml) was added to cells concurrent with sodium
addition. The second protocol used cells that were preincubated
with TPA or PGF2 for five minutes in a sodium-free BSS. The
rate of pH recovery was calculated 60 seconds after the addition
of sodium which appeared linear and was expressed as dpH1
units/mm.
Buffering capacity of the cells was evaluated by exposing the
cells to NH41NH3 using the NH4C1 (5 mM) pulse technique [8].
The buffering capacity is calculated as [NH4]1/dpH, where
[NH4]1 is the intracellular concentration of NH4 just before
NH3/NH4 removal and dpH1 is the pH1 change on removal of
NH4. Na/H antiporter activity is the product of the rate of
recovery and buffering capacity and is expressed as mmol/liter/
mm.
Statistical analyses
All statistical analyses were performed by paired or unpaired
Student's t-test.
Results
Parallelly grown cultures of parent and variant LLC-PK1 cells
exhibited a similar growth pattern, morphology, and dome forma-
tion (data not shown).
Regulation of ammonia metabolism
We reported previously that parent cultures of rocked LLC-
PK1 cells exhibit acute low pH stimulation of ammonia and
alanine production, which are the two predominant metabolites of
glutamine produced by these cells [11. In the present study, the
rates of ammonia and alanine production were measured in
parallelly grown cultures of parent and variant LLC-PK1 cells
incubated for one hour in the absence or presence of 1 M TPA
or 0.1 ng/ml PGF2, in KHB of pH 7.4 or 6.8 supplemented with
2 mt glutamine. The basal rate of ammonia production in variant
cells was significantly lower in comparison to the basal rate of
ammonia formation observed by parent cells (in nmol/mg protein!
hr; parent = 385 10, and variant = 322 12, P < 0.005). However,
as shown in Figure 1A, both cultures exhibited similar increases in
ammonia formation in response to acute acidosis (pH 6.8 to 7.4 in
nmol!mg protein/hr; parent = 112 12, and variant 106 16).
In parent cultures, the increase in ammonia production in re-
sponse to a low pH was significantly inhibited by both TPA and
PGF2 (Fig. 1A, left side). However, neither TPA nor PGF2 had
any significant inhibitory effect on the low pH induced increase in
ammonia formation by variant cells (Fig. 1A, right side).
Similar to the findings of ammonia production, variant cells also
exhibited significantly lower basal rates of alanine production (in
nmol!mg protein/hr; parent = 142 7, and variant = 78 7, P <
0.005). However, similar increases in alanine formation in re-
sponse to acute acidosis were observed between parent and
variant cells (Fig. 1B: in nmol/mg protein/hr; parent = 101 20,
and variant = 94 7). Both TPA and PGF2 significantly
inhibited the low pH induced increase in alanine production in
parent cells in a fashion analogous to their effect on ammonia
formation (Fig. 1B, left side). However, the inhibitory effect of
both TPA and PGF2 on low pH stimulated alanine production
was completely abolished in variant cells (Fig. 1B, right side).
Protein kinase C activation
We demonstrated recently that both TPA and PGF2 treat-
ments of parent rocked LLC-PK1 cells result in the activation of
PKC [4]. The present studies were carried out to examine the
effect of these agents on PKC in parallel grown cultures of parent
and variant cells. As shown in Table 1 both cell types exhibited
predominantly cytosolic localization of PKC with a small amount
of activity observed in the membrane fractions. Treatment of both
the parent and variant cells with TPA for 10 minutes resulted in
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Parent Variant
Fig. 1. Effect of TPA and PGF2a on a low pH induced increase (ApH 6.8 to
pH 7.4) in ammonia (A) and alanine (B) production in parent and variant
LLC-PK, cells. Parallel grown cultures were incubated for one hour in
glutamine and glucose supplemented Krebs-Hensleit buffer (KHB) of
either pH 6.8 or pH 7.4 in the absence or presence of TPA (1 .LM), PGF2
(0.1 ng/ml), or vehicle, Each value is mean SE of 5 separate determi-
nations. < 0.001 compared with control in parent cells. Symbols are:(•) control; () TPA; (LI) PGF2a.
the activation of PKC as demonstrated by a significant transloca-
tion of the enzyme from the cytosol to the membrane pool (Table
1). PGF2, under similar experimental conditions, also caused a
significant increases in membrane bound PKC in both parent and
variant cells; however, the cytosolic activities remained un-
changed.
Regulation of Na IH antiporter
The amiloride sensitive Na/H antiporter has been implicated
in the regulation of intracellular pH in LLC-PK1 cells [9]. Studies
were carried out using the BCECF labeling method to identify the
presence of this amiloride sensitive transport in both parent and
variant LLC-PK1 cells. Both parent and variant cultures exhibited
similar resting pH1 values (parent cells = 6.94 0,046 and variant
cells = 6.91 0.061). Acid loading of these cells with 20 mrvi
NH4CI in the presence of 135 mM sodium resulted in comparable
recovery of pH1 (Fig. 2: parent cells = 0.26 0.036 and variant
Addition
PKC activity pmollmg protein/mm
Cytosol
Parent
Membrane
Variant
Cytosol Membrane
Control
TPA 1 fLM
PGF2O.1ng/ml
134 18 23 572 22 58 7
113±10 4o9a
102 15 36 951 16 67 8
95±12 56±5
cells = 0.29 0.032 pH U/mm; N = 6). This recovery was
inhibited by 100 j.LM amiloride (Fig. 2). Furthermore, no signifi-
cant recovery from the acid load was observed in the absence of
sodium (data not shown). The buffering capacity of variant cells
(22.1 2.87 mM/pH) was also not significantly different than its
parent counterpart (28.1 3.50 mM/pH). The activity of the
Na47H antiporter calculated as H efflux was 6.82 1.03
mmol/liter/min, which was slightly but not significantly higher than
the activity observed in variant cells (6.43 0.70 mmol/liter/min).
In a second series of studies the response of the Nat'H
antiporter to TPA (0.1 .tM) and PGF2 (0.1 nglml) in both the
parent and variant cells was assessed. Sodium-dependent pH1
recovery from acid loaded cells was assessed under control
condition, with the addition of TPA or PGF2 directly, or in cells
preincubated with these agents for five minutes in a sodium-free
BSS. dpH1 for the first 60 seconds was measured after the addition
of sodium. Similar to the observations in Figure 2, these studies
also showed comparable recovery from acid load in control parent
and variant cells which was not significantly different from each
other (parent cells = 0.21 0.01 and variant cells = 0.25 0.04
pH U/mm; N = 10). Both direct addition of TPA or PGF2 to
cells concurrent with sodium addition or addition of sodium to
cells preincubated with TPA or PGF2a resulted in similar alter-
ations in intracellular pH recovery from acid load when compared
with control value. Figure 3 shows the changes in intracellular pH
recovery in parent and variant cells preincubated either with TPA
(0.1 LM) or PGF2a (0.1 ng/ml) for five minutes. Both TPA and
PGF2 treatment of parent cells resulted in a significant activation
of Na/H antiporter activity as reflected by the increase in
intracellular pH recovery (Fig. 3). By contrast, there was no
detectable effect of TPA or PGF2 on intracellular pH recovery in
the variant cells under the similar experimental protocol (Fig. 3).
Regulation of Na k/glucose transport
Sodium-dependent glucose (Na/Glu) transport activity was
assessed using 14C-a methyl glucoside. One hour incubation of
both parent and variant LLC-PK1 cells with 1 .LM TPA resulted in
a significant inhibition of Na/Glu transport (Table 2). This
inhibitory response was lost from both parent and variant cells
pretreated with 100 fLM H7, an inhibitor of PKC (data not shown).
Discussion
Parent cultures of rocked LLC-PK1 cells exhibit increased
ammonia metabolism in response to an acute decrease in extra-
cellular and intracellular pH [1, 2]. This acute, low pH-induced
A
C
r- .
2
E °°E1
Table 1. Effect of TPA and PGF2a on protein kinase C (PKC) activity
in parent and variant LLC-PK1 cells
B
Parent Variant
Parallelly grown cultures of parent and variant LLC-PK1 cells were
exposed for 10 minutes to either TPA or PGF2, followed by the isolation
and the assessment of PKC activity as described in Methods. Each value
is mean SE of 4 separate determinations.
a P < 0.01 compared with respective control value.
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0
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Addition
Na/Glu uptake nmol/mg
proteinlOO mm
Parent Variant
Controt 30±3 41±10
TPAlpic 22±2a 32±9a
Time, minutes
Fig. 2. Recovety of intracellular pH from acid loaded cells of parent (A) and
variant (B) LLC-PK1 cells. Cells were labeled in sodium containing buffer
with BCECF for 30 minutes followed by 2 to 3 minutes of acid loading with
20 mat NH4CI as described in Methods. The rate of recovery was examined
in the absence (—) or presence (+) of 100 jIM amiloride.
stimulation of ammoniagenesis is inhibited by the phorbol ester
TPA and by PGF2a ([3] and Fig. 1). The effect of both these
agents is mediated by the activation of PKC. Both TPA and
PGF2a activate PKC in LLC-PK1 cells, and their effect on
ammonia metabolism at a low pH is prevented by H7, an inhibitor
of the action of PKC [3]. Activation of PKC presumably inhibits
ammonia metabolism by stimulating the Na/H antiporter and
thereby increasing intracellular pH. These effects of PKC on the
Na/H antiporter and intracellular pH have been demonstrated
in many cell types including renal proximal tubular cells [10-14].
Our laboratory has shown that the inhibitory effects of PGF2a on
ammonia metabolism are accompanied by an increase in intracel-
lular a-ketoglutarate (a-KG) concentration, indirectly suggesting
an increase in intracellular pH [3, 15]. Furthermore, the effects of
both TPA and PGF2a on ammonia metabolism are prevented by
blockade of Nat'H antiporter activity with amiloride [4]. This
study further tested this hypothesis by utilizing a novel variant
LLC-PK1 cell.
These variant cells were isolated from continuously rocked
LLC-PK1 cells. They respond to a low pH with stimulation of
ammonia metabolism similar to the parent cell line; however,
despite the fact that both TPA and PGF2 activate PKC in the
variant cells, neither of these agents inhibits low pH induced
ammoniagenesis. In addition, although the parent cells respond to
PGF2a and TPA with a stimulation of Na/H antiporter activity,
this response is absent in the variant cells. Thus, the variant cells
combine the absence of Na/H antiporter stimulation with the
lack of inhibition of ammoniagenesis, most likely reflecting a
direct linkage between these two phenomena. In combination
with our prior findings in parent cells on the effect of amiloride
and the changes in intracellular a-KG, these data strongly suggest
A
Parent6.9
pH1
6.5
+
1 2 3 4 5
0.15
0.12
0.09
0.06
0.03
0.00
Fig. 3. Effect of TPA (U) and PGF2 () on Nat IHt antiporter activity(dpH1lmin) in parent and variant LLC-PK1 cells. Results show the differ-
ence in sodium-dependent pH1 recovery from acid load between treated
and control. Both parent and variant cells were preincubated with TPA
(0.1 jIM) or PGF2a (0.1 ng/ml) for 5 minutes prior to the addition of
sodium. Each value is mean SE of 8 separate determinations. tp < 0.01
compared with respective pH in variant cells.
Table 2. Effect of TPA on sodium-dependent glucose (Nat/Glu)
transport activity in parent and variant LLC-PK1 cells
B
6.9 - Variant
pH1 —
6.5 I I
1 2 3 4 5
I
Parallel cultures of parent and variant LLC-PK1 cells were exposed to
TPA or vehicle for one hour followed by the measurement of Nat/Glu
uptake utilizing "C a-methyl glucoside. Each value is mean SE of 5
separate determinations.
+ aP < 0.05 compared with respective control value.
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that a protein kinase C mediated Na17H antiporter dependent
increase in intracellular pH accounts for the inhibition of ammo-
nia production by PGF2Q and TPA.
TPA inhibits sodium-dependent glucose transport in LLC-PK1
cells, and this inhibition is also blocked by H7, indicating that PKC
activation alters this transport function. Of interest, despite the
loss of PKC mediated effects on Na/H antiporter and ammonia
metabolism, activation of PKC inhibits sodium-dependent glucose
transport in the variant cells in a fashion similar to the parent cell
line. Thus, two different PKC mediated functions are not modified
in parallel fashion in the variant cells.
Since under basal conditions Na/H antiporter activity in the
variant and parent LLC-PK1 cells behaves in identical fashion, the
variant cells are not similar to the LLC-PK1 cells with a down-
regulated Na/H antiporter, isolated by Agarwal and co-workers
[161. However, the precise abnormality in the variant cell line
leading to an absence of TPA and PGF2,, stimulation of Na/H
antiporter is not delineated in this study. Several possibilities
merit consideration.
First, these cells might have a missing or altered intermediate
required for the ultimate PKC dependent phosphorylation and
activation of the Na/H antiporter. For example, it has been
suggested that activation of the mitogen-activated protein (MAP)
kinases might function as an intermediate step in certain actions
of PKC, including the stimulation of the NatPl antiporter in rat
thymic lymphocytes [17—19]. Furthermore, these kinases have
been proposed to play a role in PKC dependent up-regulation of
c-fos gene expression in LLC-PK1 cells [20].
A second possibility would be an alteration in PKC isoform
expression in the variant and parent cell line, with the isoform
responsible for modulating Na/H antiporter activity down-
regulated and/or missing in the variant cells. Although the a
isoform is the predominant isoenzyme of PKC in LLC-PK1 cells
[20], the identification of the PKC isoform responsible for the
activation of Na/H antiporter in proximal tubular cells remains
undefined.
Thirdly, although basal activity of the Na/H antiporter was
similar in the variant and parent cell lines, the antiporter itself
might be altered in some fashion so that phosphorylation depen-
dent up-regulation of its activity does not occur.
Finally, different apical and basolateral isofonns of Nat'H
antiporter have been reported in renal epithelial cells including
LLC-PK1 cells [211, and there is some experimental evidence
suggesting that these Nat/H antiporter isoforms exhibit differ-
ent responses to PKC activation [14]. Another possibility, there-
fore, is that Na/H antiporter isoforms expressed in the parent
and variant LLC-PK1 cells may differ.
Studies to differentiate between these possibilities are clearly
required to understand fully and characterize this variant cell line.
Regardless of their outcome, however, this variant of LLC-PK5
cells should be a useful tool to provide new insights into the
mechanisms by which PKC activation alters cellular functions, its
mechanism of activation of the Nat'H antiporter, as well as the
dependence of certain cellular processes on PKC activation, and
also NatIH antiporter stimulation.
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